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ABSTRACT: One of several key elements of the Project Integration Architecture (PIA) is the formulation of parameter
objects which convey meaningful semantic information. The infusion of measurement dimensionality into such objects is
an important part of that effort since it promises to automate the conversion of units between cooperating applications
and, thereby, eliminate the mistakes that have occassionally beset other systems of information transport. This paper
discusses the conceptualization of dimensionality developed as a result of that effort.

1 Introduction

The analysisof the whole of an engineeringsystemfre-
quently involves a numberof cooperatinganalyses,each
focusingon a particulardisciplineof analysisrelevant to
the whole. As discussedin [1], oneeffort of the Project
IntegrationArchitecture(PIA) [2] hasbeento defineand
developsemanticallymeaningfulparameterobjectssothat
thenatureof theinformationprovidedby aparametermay
be usefully determinedby automatedexaminationof the
objectencapsulatingthatparameter. By sodoing, it is ex-
pectedthatthecooperatinganalysesmayeffectively trans-
fer informationby theinspectionof eachother’sparameter
objects.

The parametersof analysesare often dimensionalin na-
ture.For instance,thespanof a turbinebladeis givenasso
many inchesor thethrustof a rocket assomany Newtons.
Therecognitionandencapsulationof thisdimensionalityis
considereda key stepin theprocessof semanticparameter
definitionandimplementation.

Dimensionalityinvolvestwo elements:theform of thedi-
mension(length,mass,velocity, andthelike) andthesys-

tem of measurementwithin which the a value is stated
(force as statedin English poundsas opposedto metric
Newtons). Information characterizingthesetwo aspects
maybecombinedto provide a correctinterpretation(in so
farasanumericvalueis concerned)of any givenvalue.

Theoriginal implementationof thesetwo conceptsfor the
PIA effort wassimpleandstraightforward: a codevalue
was recordedspecifyingthe systemof measurementand
theobjectkind mechanismidentifiedtheform of measure-
ment. For example,a scalarlengthobjectexistedand it,
wheninterrogated,wouldyield thecodenumberof thesys-
tem of measurementwithin which its valuewasrelevant.
This simple approachproved satisfactory for simple in-
spectionandtransferof theencapsulatedinformation;how-
ever, thelogicalextensionof objectsbaseduponthis foun-
dationdemonstratedanoperationalproblemwhich proved
thissimpleformulationlessthancompletelysatisfactory.

2 Particulars of the Problem

ThePIA implementationdevelopedaseriesof dimensional
objectscapturingdimensionalform and systemof mea-
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surementassimpleconcepts.Thus,a seriesof scalar, vec-
tor, and matrix forms for length, mass,velocity, and the
like weredeveloped. Eachsuchobjectkind would yield
a codevalueindicatingthesystemof measurementwithin
which its encapsulatedvalueexisted.Codesfor metricand
Englishsystemsweredefined. Further, eachobjectkind
would identify a sharedtableof conversionfactorsappro-
priateto that kind. Thus,lengthobjectsidentifieda table
of conversionfactorsfor length,massobjectsa table for
masses,andsoon.

This setof developedobjectswasthenusedasthefounda-
tion for afurtherseriesof objectsencapsulatingtheseman-
tics of geometryasobtainedfrom typicalComputerAided
Design (CAD) systems. As such, this geometricobject
setfocusedlargely on points(in three-dimensionalspace),
collectionsof points,vectors(again, in three-dimensional
space),groupingsof points into triangles,groupingsof
triangles into face tesselations,and the like. The vari-
ouslengthobjectformsprovideda very naturalbaseupon
which to build thesegeometricentitiesand,to this point,
all provedwell.

One of the needsthat aroseas work progressedwas to
extract cross-sectionalareafrom the geometricentity de-
scribedby the aggregation of data. (In fact, the focused
activity involved an air-breathingpropulsionsysteminlet
which was not axi-symmetric. The inlet systemwas, of
course,to be analyzedby a one-dimensionalcodewhich,
naturally, presumedaxi-symmetryin computingits flow
areavaluesfrom centerbodyandcowl radii.) Having just
formulatedvectors,unit vectors,unit surfacenormals,and
thelike for thepurposesof defininggeometriccharacteris-
tics,it seemedverynaturalto usethesetoolsin thesolution
of thecross-sectionalarearequirement.

2.1 The Train Wreck

The definition of geometricplanesand the computation
of intersectionswith suchplanes(as well as many other
tasks)is well suitedto vectormanipulations.Crossprod-
ucts (outerproducts),dot products(inner products),vec-
tor differences,andothersuchmanipulationscanquickly
solve suchproblemsaslocatingthepoint at which a given
line segmentintersectsadefinedplanein space.

But it waswith theseveryvectorcalculationsthattheinad-
equacy of thedimensionalformulationwasfound.A cross
productof two lengthvectorsyieldsnotavectorwith units
of length,but a vectorwith units of area. A further cross
productof thatresultwith a third lengthvectornow yields
avectorwith unitsof volume.Similarly, dotproductsyield

areas,not lengths.

Thefirst glaringdifficulty wasthatthedimensionalobjects
wereinflexible. A lengthobjectexplicitly declareditself to
bein unitsof length;feet,meters,whathave you. It could
not accountfor a crossproductbeing in units of length
squared. Clearly, the crossproductof two length vector
objectscould not be encapsulatedin a third lengthvector
objectbecauseits unitswouldnotmatch.

The next logical stepwas to find someobject kind that
could encapsulatethe crossproductof two lengthvector
objects.Sincetheunitsof the resultwerelengthsquared,
the eye first castits attentionuponthe areavectorobject
form. Regretably, thatpropositiondid not lastlong.

The first difficulty with encapsulatinga crossproductof
lengthsinto anareaobjectwasthesimplequestionregard-
ing theprecisenatureof a vectorof areas.A crossproduct
of two lengthvectorsdoesindeedhave aninterpretationas
a vectorializedarea(thatis, asa singleareahaving magni-
tudeanddirection);however, if sucharesultwereencapsu-
latedinto anareaobject,it wouldbeindistinguishablefrom
a vectorhaving threeareacomponents.Oneof thetenants
of semanticallymeaningfulobjectderivationis thattheen-
capsulatedinformationshouldmake sense,but a vectorof
areasdoesnot make suchsenseunlessthe further leapof
logical rearrangementfrom vector of areasto vectorized
areais made.

Thenext difficulty wasto identify thelogical extensionof
the areaobjectanswerwhena secondcrossproductwas
to be taken with the resultsof a previous crossproduct
operation. Now the units of the result would be length
cubedwhich would no longer fit in an areaobject. Ob-
jectswith volumedimensionalityexisted,but a vectorof
volumesmakesevenlesssensethanavectorof areas.Fur-
ther, thevolumeobjectanswerdemonstratedthedifficulty
of extension;therewasnolength-dimensionalformbeyond
volume,soa furthercrossproductof crossproductswould
requireinventioninto thegreatbeyond.

Anotherproblemwaswhatto do with a unit vectorobject,
anaccomodatingspecializationof thevectorobjectwhich
convenientlynormalizesitself. If it residedin a lengthvec-
torobject,it wouldconvertits valuesbetweenmeasurement
systems.Oddly, aunit vectoronefoot longin Englishunits
would be aboutonethird of a meterlong in metric units.
This behavior seemedantitheticalto thedefinednatureof
theobjectandwasconsiderednotatall satisfactory.

As if theseproblemswerenot enough,operationalprob-
lems existed. Code which constructeda crossproduct
would have to know or determinethe kind of object in
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which to encapsulatethe result. It would have to look at
the crossproductof two lengthvectorsandknow to pro-
ducean areavector. Not only would it have to know to
produceanareavector, but it would furtherhave to have a
methodto determinewhatkind of objecthaving areachar-
acteristics(sincethebasicareaobjectkind is, again, only
a baseuponwhich further derivation is to occur)wasthe
correctkind of object.

Beyondthis,assumingaschemefor identifying theencap-
sulatingobject kind could be devised, the next difficutly
wasto keeptheability to form a crossproductassociated
with theresultsof thataction.A crossproductfunctionality
wasa very naturaladditionto a lengthvectorobject,but it
seemsanunnaturalability for objectsof area,volume,and
beyond. It is, further, seeminglyunnaturalto make a cross
productfunctionalitythatacceptsareasandvolumesasits
input. While suchcanbecoded,it seemsavery oddthing.

While thrashingaboutwith all of this,yetanotherquestion
cameup: whatwasto happenwhenonewantedto dividea
lengthby atimeandcomeupwith avelocity?Again,there
would beasearchfor anobject.But whatobject?

All in all, thesituationwasbeginningto lookverymuddled,
indeed.Not at all thesortof thing onewishesto let loose
uponanunsuspectingworld.

3 Solution: Save the Train, Wreck the Brain

Facedwith thedifficultiesdescribedin theprecedingsec-
tion, the needfor a distinct reconsiderationof the formu-
lation of dimensionalitywasclear. The key wasfound in
the needto keepsuchfunctionality, in this casethe abil-
ity to computea crossproduct,associatedwith theresults
of the operation.A crossproductof two vectorsis still a
vectorwhich oftenis involved in furthercrossproductop-
erations(or dotproducts,or vectormagnitudes,etc.).Thus,
it wasrealizedthata crossproductwasmostappropriately
encapsulatedin a lengthvectorobjectwherethe function-
ality to computecrossproductsandothervectoroperations
resided.

Given this new choice,it was thenapparentthat a length
object could not be inflexibily declaredto be in units of
length. This seemedto provide oneof two choices:either
dimensionalitycouldnot bemeaningfullyencapsulatedin
objectsor themeaningof dimensionalityhadto bealtered
into amoreflexible formulation.Sincethefirst choicewas
antitheticalto the presumptionsof the project, it wasde-
terminedthatdimensionalitywould takeonamoreflexible
form.

3.1 Flexibility Through Separation

The desireddimensionalflexibility wasfound in a simple
separation.Dimensionalitywasseparatedinto two compo-
nents:a characteristicandanapplication.Thecharacteris-
tic is themixing of fundamentaldimensionalelementsinto
a compositedimensionalform. For instance,the charac-
teristicof velocity is lengthdividedby time. Theapplica-
tion is the extent to which that characteristicis appliedin
a particularinstanceof the dimensionality. In the caseof
the crossproductof two lengthvectors,the characteristic
remainslengthwhile the applicationof that characteristic
doublesfrom oneto two.

This new view of dimensionalityleadsto the somewhat
mind-bending(if not altogethermind-breaking)view that
a length object, while being fundamentallya length ob-
ject,maybe,in fact,measuredin lengthsquaredor length
cubed,or whatever. It alsoleadsto thequestionasto just
how lengthsquaredis differentfrom area,theanswerbeing
ratherenigmaticallythat lengthsquaredis not entirely the
samethingassquaredlength.

Despitethis initial difficulty of conception,following the
fingersacrossthekeyboardfor a while doesdemonstratea
certainrationalityto theidea.Considerfirst thecaseof the
troublesomeunit vector. It achievesunity by obtainingits
magnitude(thesquareroot of thesumof thesquares)and
dividing eachelementby thatvalue. Now, without regard
to whetherthe vectorwasoriginally measuredin units of
lengthor lengthsquaredor lengthto theanythingelse,it is
quiteobviousthat thenormalizationoperationreducesthe
vectorto unitsof lengthto thezeropower. That is, a unit
vectorhasthe characteristicof length,but an application
of thatcharacteristicof zero. This, in turn, makestheunit
vectornon-dimensionaland,asa furtherconsequence,in-
variantbetweensystemsof measurement.Now, suddenly,
theunit vectorhasa magnitudeof unity without regard to
the systemof measurementin which it is viewed. It will
beonemeterlong in metricandonefoot long in English.
Curiously, theverypropertythatwaslackingbefore.

3.2 Dimensional Recombination

As illustratedabove,therulesof mathematicalcombination
for valuesof dimensionalnaturearethosecommonlyun-
derstoodin conventionalmanipulations.Addition andsub-
tractionmay only be performedbetweenvaluesin which
theaggregateof dimensionalcharacteristicandapplication
are identical, sometimesreferredto within the PIA envi-
ronmentasaggregatedimensionalcongruence.
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Multiplication anddivision canbeperformedbetweendi-
mensionalquantitiesof any form andresultsin acomputed
dimensionalityin which the power of applicationis, per-
force,unity. In orderto assurethat thedimensionalresult
is neithercorruptednor inappropriatelyencapsulated,these
operationsarecurrentlyimplementedto placetheresultin
dimensionallypolymorphousbaseclassobjects. Usually,
theseobjectsaretreatedastemporariesandtheir contents
assignedto objectsof thecorrectdimensionalsemantics.

3.3 Encapsulation of Results

Theproblemof encapsulatinga resultof computeddimen-
sionality is solved by a minor jog in assignmentproto-
cols. Therearetwo phasesof mixed-dimensionalcompu-
tationalresultencapsulation:captureandassignment.That
is, whenonewrites thestatementa = b * c, therearetwo
acts: capturingthe resultof b * c andthenassigningthat
resultto a.

Thefirst act, resultcapture,needsonly to preserve there-
sultvalueandits dimensionalitycorrectly. As statedabove,
thoseoperationsresultingin suchcomputeddimensional-
ity placetheir resultsin dimensionallypolymorphousbase
classobjectsof thecorrectstructuralkind. Thebaseform,
while notknowing of thevariousderiveddimensionalchar-
acteristics,still understandsfully thenatureandimplemen-
tation of computabledimensionalityand,thus, is entirely
suitablefor the temporarycaptureof a computed,mixed-
dimensionalityresult.

The secondact, that of assignment,is half solved by the
actof coding.Typically, thenatureof theexpectedresultis
known: onedividesalengthby atimeexpectingavelocity.
The programmer, in writing a = b / c, will thusmake a a
velocity object. Thedifficulty arisesin thatnormalobject
assignmentprotocol(at leastasthePIA projectdefinesit)
requiresassignmentto anobjectto befrom anobjectof the
destinationobject’skind. Whileavelocitymaybeakind of
dimensionalobject,a base-classdimensionalobjectis not
a kind of velocity and,thus,normalprotocolsprohibit the
assignmentfrom a temporary, dimensionalbaseobject.

Thesolutionto this problemis, of course,quiteclear: the
objectkind restrictionin assignmentis relaxed in thecase
of dimensionalobjects. This is implementedthroughan
override of the inheritedassignmentpermissionfunction
and assignmentfrom a baseclassto a derived classbe-
comespossible. In doing this, though,all sheetsarenot
simplycastto thewind. First, thesourceobjectis required
to be a dimensionalobjectof the samestructuralnature.
Thatis, avectormustbethesourceof avectorassignment,

ascalarthesourceof ascalarassignment,andsoon.

Beyond the basicassignmentrequirements,the following
casesare then treated. Note that the first casetreatsall
assignmentsto a dimensionallypolymorphousbaseclass.
Thus,theothercasesareall understoodto beassignments
to derived classeswhosedimensionalcharacteristicis es-
tablished.

1. Assignmentto a dimensionalbaseclassfrom any di-
mensionalclassis alwaysallowed. In this case,the
dimensionalityof thesourceobjectis copiedwithout
adjustmentresultingin puredimensionalcongruence.

2. If the assignmentis from a dimensionallypolymor-
phousbaseclassandthedimensionalityof thesource
is similar in its dimensionalcharacteristic,theassign-
mentis allowed. The dimensionalpower of applica-
tion of the target object is adjustedas necessaryto
bring thesourceandtargetobjectsinto aggregatedi-
mensionalcongruence.

Thesimilarity of thedimensionalcharacteristicis es-
tablishedthroughcomputationwith ananticipationof
applicationadjustment. For example,a characteris-
tic of lengthsquaredwith an applicationof unity is
consideredsimilar to a characteristicof length with
anapplicationof two andwill allow assignmentto go
forward.

3. If theassignmentis from adimensionalobject,theas-
signmentis allowed if the sourceandtarget arecon-
gruentin theirdimensionalcharacteristics.Again, the
dimensionalpower of applicationof the targetobject
is adjustedasnecessaryto bring thesourceandtarget
objectsinto aggregatedimensionalcongruence.

Thedifferencebetweenthesecondandthird casesis nearly
invisible in this description;however, the differencedoes
exist in implementation.As notedin thesecondcase,simi-
larity is establishedby computationwith ananticipationof
applicationadjustment.As with similarasopposedto con-
gruenttriangles,thecomputationestablishesthatthebasic
shapeof thedimensionalcharacteristicsis thesame.This
allows thecomputeddimensionalityof a temporaryresult
(suchasproducedby theessentialmultiplicationoperation
of a vectorcrossproduct)in which all the dimensionality
hasbeenplacedin thecharacteristic(while theapplication
hasbeenset to unity) to be assignedback to its nominal
classthroughanadjustmentof theapplicationfactor. (An
adjustmentto the sourcedimensionalcharacteristicis im-
plied by this, but is not actuallycarriedout sincethe as-
signmentoperationsonly amendthecontentsof the target
operand.Whatdoesin fact happenis that the application
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factorplacedin the targetobjectis thatwhich would have
resultedhadthesourcebeenadjustedto obtaincongruence
of its dimensionalcharacteristic.)

4 Summary

Theconceptualizationof dimensionalityandtheencapsula-
tion of thosedevelopedconceptsinto dimensionally-aware
objectshasbeendiscussed.Theactualoperationsinvolved
are far from revolutionary. Dimensionalconversionsand
manipulationshave longbeenwell known andunderstood.
On theotherhand,theinfusionof thesesimpleoperations
into theautomationof objectprogrammingat this junction
appearsto be a usefulstepforward. Whenthe PIA effort
is migratedto net-accessibledistributed-objecttechnology
(aneffort thatis currentlyunderway), it will bepossibleto
accessapplicationinformationwith theconfidencethatthe
dimensionalnatureandintegrity of thatinformationwill be
automaticallypreservedandaccounted.
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